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SUMMARY 


Development  of  components  for  future  applications  is  dependent  on 
complete  and  precise  data  on  the  response  of  materials  to  various 
environments.  The  energy  absorption  of  polyurethane  foam  material 
had  previously  been  investigated  at  velocities  below  6  m/s 
(20  ft/sec)  and  above  several  thousand  meters/second  ( feet/second) . 
However,  very  little  work  had  been  performed  in  the  velocity 
range  applicable  to  future  designs.  The  purpose  of  this  project 
was  to  develop  the  techniques  to  evaluate  polyurethane  foam 
response  to  impact  velocities  in  the  range  of  15.24  to  91.44  m/s 
(50  to  300  ft/sec)  and  to  report  these  data  in  a  format  usable 
for  present  and  future  design  activities. 

During  the  initial  phase  of  this  work,  a  technique  for  testing 
dynamic  response  from  15.24  to  60.96  m/s  (50  to  200  ft/sec)  was 
established,  and  two  techniques  were  proposed  for  reporting  these 
data.  This  work  was  documented  in  BDX-613-1059  (Rev.),  August 
1975. 

The  second  phase  of  this  project  involved  testing  rigid  poly¬ 
urethane  foam  samples  63.5  mm  (2.5  inches)  in  diameter  and 
101.6  mm  (4  inches)  long.  The  samples  were  placed  inside  a 
steel  tube  to  prevent  lateral  expansion  and  were  crushed  in  the 
longitudinal  direction  of  impact  velocities  of  15.24,  30.48, 

45.72,  and  60.96  m/s  (50,  100,  150,  and  200  ft/sec).  The 
materials  selected  for  testing  were  CPR  1024  and  1040  (CPR 
Division  of  the  Upjohn  Company),  BC  1200  series  (Expanded  Rubber 
Company),  BKC  Thermalthane  4003,  BKC  Rigifoam  6003,  and  BKC  44302 
(Bendix  Corporation  Kansas  City  Division).  Samples  were  prepared 
from  billets  with  nominal  densities  of  160,  320,  and  480  kg/m 
(10,  20,  and  30  lb/ft3). 

The  impact  tests  were  performed  by  using  test  weights  of  5.4, 

10.8,  and  21.6  kg  (2.45,  4.91,  and  9.82  lb),  corresponding  to 
static  loads  of  3.4,  6.9,  and  13.8  kPa  (0.5,  1.0,  and  2.0  psi). 

The  output  from  an  accelerometer  attached  to  the  test  weight 
was  recorded  on  magnetic  tape.  All  values  used  to  describe  the 
dynamic  behavior  of  the  test  samples  were  calculated  from 
measurement  of  the  impact  velocity  and  the  record  of  acceleration 
experienced  by  the  test  weight  as  it  crushed  the  samples. 

For  each  combination  of  foam  type,  sample  density,  and  static 
load,  graphs  were  plotted  showing  force  versus  sample  deflection 
at  15.24,  30.48,  45.72,  and  60.96  m/s  (50,  100,  150,  and 
200  ft /sec.  In  addition,  the  force-deflection  curve  from  a 
standard  compression  test  is  included  for  comparison  with  the 
dynamic  data. 
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Test  results  are  presented  in  six  tables  which  show  values  for 
maximum  test  weight  acceleration,  maximum  and  final  sample  deflec¬ 
tion,  rebound  velocity,  and  energy  absorption  efficiency. 

No  future  work  is  currently  planned  for  this  project.  Additional 
studies,  if  desired,  will  be  supported  by  other  projects. 


DISCUSSION 


SCOPE  AND  PURPOSE 

Advanced  product  development  is  dependent  on  complete  and  precise 
data  on  all  materials  and  environments.  In  support  of  this 
development,  work  was  initiated  to  establish  techniques  for 
evaluation  of  foam  response  to  impact  velocities  in  the  range  of 
15.24  to  91.44  m/s  (50  to  300  ft/sec),  and  for  reporting  these 
data  in  a  format  usable  to  the  designer  specifying  polyurethane 
foams  for  structural  and  energy  absorbing  media. 


PRIOR  WORK 

Previous  investigations  revealed  that  available  literature  on  the 
dynamic  response  of  polyurethane  foam  discussed  response  at 
impact  velocities  below  6  m/s  (20  ft /sec)  and  at  several  thousand 
ft/sec.  The  initial  phase  of  this  endeavor,  which  established 
the  required  techniques  to  allow  testing  in  the  range  of  15.24  to 
60.96  m/s  (50  to  200  ft/sec)  was  reported  in  BDX-613-1059  (Rev.), 
Technique  for  Impact  Testing  of  Confined  Rigid  Foam,  August  1975. 


ACTIVITY 
Test  Method 


The  basic  concept  used  for  gathering  dynamic  test  data  from  foam 
samples  is  illustrated  in  Figure  1.  All  values  for  the  terms 
used  to  describe  the  dynamic  behavior  of  a  test  sample  can  be 
calculated  from  a  measurement  of  the  impact  velocity  and  a  record 
of  the  deceleration  experienced  by  the  test  weight  as  it  crushes 
the  sample.  Samples  chosen  for  the  study  were  63.5  mm  (2.5  inches) 
in  diameter  and  101.6  mm  (4  inches)  in  length. 

The  materials  selected  for  evaluation  included  those  most  fre¬ 
quently  used  as  support  materials:  CPR  1024  and  1040  (CPR  Division 
of  the  Upjohn  Company),  BC  1200  series  (Expanded  Rubber  Company), 

BKC  Thermalthane  4003,  BKC  Rigifoam  6003,  and  BKC  44302  (Bendix 
Corporation,  Kansas  City  Division).  Samples  were  prepared  from 
billets  with  nominal  densities  of  160,  320,  and  480  kg/m^  (10, 

20,  and  30  lb/ft3). 

For  each  test  condition,  consisting  of  an  impact  load,  foam  type, 
and  sample  density,  the  impact  velocity  was  increased  in  increments 
of  15.24  m/s  (50  ft/sec)  until  a  sample  was  crushed  beyond 
critical  deflection.  A  new  sample  was  used  for  each  impact.  The 
point  of  critical  deflection  can  be  determined  from  the  acceleration¬ 
time  trace  by  a  rapid  rise  in  the  acceleration  level.  The  energy 
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C  1 


A.  SAMPLE  READY  FOR  TEST 


£ 


B.  SAMPLE  IMPACTS  TEST  WEIGHT 


C.  SAMPLE  CRUSHED;  TEST  WEIGHT  LEAVES  TUBE 


Figure  1.  Basic  Concept  for  Dynamic  Testing  of  Foam 


absorbing  efficiency  of  the  foam  diminishes  rapidly  after  critical 
deflection  has  been  exceeded. 

Impact  testing  was  conducted  through  the  use  of  a  pneumatic 
mechanical  shock  actuator.  A  guide  tube  1.5  meters  (5  ft)  long 
with  a  76.2-mm  (3-in.)  inside  diameter,  was  attached  to  the 
actuator  carriage  which  travels  on  a  horizontal  track  system. 

The  guide  tube,  carriage,  and  actuator  are  shown  in  Figure  2. 

Three  test  weights  were  fabricated,  weighing  5.4,  10.8,  and 
21.6  kg  (2.45,  4.91,  and  9.82  lb).  Phenolic  guide  rings  were 
bonded  around  both  ends  of  each  projectile  to  protect  the  honed 
inside  diameter  of  the  guide  tube  from  damage.  The  accelerometer, 
mounted  at  the  bottom  of  a  recess  bored  into  the  projectile,  was 
protected  by  a  cover  which  was  bolted  over  the  recess. 

The  uniform  compression  of  test  samples  confined  in  steel  tubes 
to  prevent  lateral  expansion  was  used  as  a  simulation  of  the 
boundary  conditions  where  polyurethane  foam  is  typically  used. 

The  clearance  between  the  63 . 5-mm-diameter  (2.5-inch)  test 
samples  and  the  inside  diameter  of  the  steel  tube  holding  the 
samples  was  approximately  0.25  mm  (0.010  inch).  During  a  test, 
an  extension  of  the  test  weight  with  a  nominal  diameter  of 
62.99  mm  (2.480  inches)  entered  the  specimen  tube  approximately 
6.35  mm  (0.25  inch)  before  it  contacted  and  began  to  crush  the 
sample.  Foam  samples  for  testing  were  machined  from  billets  to 
minimize  density  variation. 

To  perform  a  test,  the  sample  tube  was  positioned  to  the  rear  of 
the  guide  tube  and  secured  in  place  with  setscrews.  The  foam 
sample  was  then  inserted  into  the  sample  tube.  Figure  3  shows 
the  sample  in  place,  ready  for  testing.  The  actuator  firing 
pressure  and  the  gap  that  must  be  set  between  the  sample  and  the 
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Attached 


Weight  With  Sample  Prepared  for  Test 


test  weight  were  selected  from  actuator  performance  data.  The 
initial  gap  coincides  with  the  distance  over  which  the  carriage 
and  the  guide  tube  accelerate  before  reaching  impact  velocity, 
which  varied  from  508  mm  at  15.2  m/s  (20  inches  at  50  ft/sec)  to 
914  mm  at  61.0  m/s  (36  inches  at  200  ft/sec) .  Impact  of  the 
sample  into  the  test  weight  occurred  just  before  the  carriage 
separated  from  the  actuator  thrust  column. 

Following  impact  with  the  sample,  the  test  weight  experienced  a 
post-crush  rebound  velocity  that  varied  from  a  few  feet  per 
second  to  40  ft/sec  (12  m/s).  Ensolite  rubber  tied  to  the  guide 
tube  end  cap  cushioned  the  impact  of  the  projectile  when  it 
reached  the  end  of  the  tube.  A  braking  system  built  into  the 
carriage  arrested  its  motion  within  15.2  m  (50  feet). 

Instrumentation 


Velocity  Measurement 

Magnetic  sensors  used  to  measure  impact  velocity  were  installed 
through  the  wall  of  the  guide  tube.  Travel  time  of  the  test 
weight  was  measured  between  four  sensors  spaced  25.4  mm  (1  inch) 
apart.  A  1 . 59-mm-thick  (1/16  inch)  steel  ring,  fastened  to  the 
test  weight,  caused  a  voltage  output  from  each  sensor  during  the 
motion  of  the  guide  tube  prior  to  impact.  The  voltage  pulses, 
along  with  1-millisecond  time  marks,  were  recorded  on  magnetic 
tape  at  3.048  m/s  (120  inches/second).  These  were  later  played 
back  at  a  speed  of  47.62  mm/s  (1-7/8  inches/second)  onto  an 
oscillograph  record  from  which  impact  velocity  calculations  were 
made.  Typical  signals  from  an  oscillograph  record  with  a  velocity 
calculation  are  shown  in  Figure  4.  The  calculation  was  generally 
within  5  percent  of  the  desired  test  velocity.  The  total  range 
of  uncertainty  in  a  calculated  value  for  impact  velocity  is 
3  percent . 

A  Kistler  Model  805A  accelerometer,  with  a  100,000-g  capability 
and  a  60  kHz  resonant  frequency,  was  selected  for  the  tests.  The 
block  diagram  in  Figure  5  illustrates  the  instrumentation  system 
employed  to  measure  the  acceleration  of  the  test  weight.  The 
acceleration  trace  as  well  as  the  magnetic-pickup  outputs  and  the 
1-millisecond  time  marks  were  recorded  on  magnetic  tape  at  a 
speed  of  3.048  m/s  (120  inches/second).  Data  records  were  ob¬ 
tained  by  playing  the  data  back  at  47.62  m/s  (1-7/8  inches/second) 
into  a  Honeywell  oscillograph.  Typical  data  recorded  from  an 
impact  test  are  shown  in  Figure  6.  After  reviewing  the  data, 
acceleration  traces  to  be  digitized  were  selected  and  scaled  for 
playback  into  a  Biomation  Model  810  transient  recorder  at  3.048  m/ 
(120  inches/second).  The  transient  recorder  converted  the  data 
into  digital  form  and  stored  it  in  an  internal  memory  system. 

The  digital  data  then  were  punched  on  paper  tape  in  standard 
ASCII  code. 
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Figure  4.  Velocity  Calculation  From  Typical  Output  of  Magnetic  Sensors  (Tracing) 


MAGNETIC  SENSORS 
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Figure  5.  Block  Diagram  of  Instrumentation  System 


MILLISECOND  TIME  MARKS 
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Figure  6.  Typical  Oscillograph  Record  of  Impact  Test  (Tracing) 


Data  Reduction 


The  paper  tape  recorder  of  a  test  was  entered  into  a  time-data, 
time-series  analyzer.  The  acceleration  record  was  faired  by 
first  using  a  three-point  smoothing  algorithm.  The  program 
routine  selected  the  baseline  and  limits  of  integration.  The 
above  information  was  displayed,  giving  the  operator  an  opportunity 
to  correct  any  unsatisfactory  parameters  before  continuing.  The 
program  routine  then  determined  velocity,  sample  deflection,  and 
dynamic  force  versus  time  along  with  values  for  percent  rebound, 
and  energy  absorbing  efficiencies. 

Energy-Absorption  Efficiency 

Energy-absorption  efficiency  is  defined  as  the  ratio  of  the 
energy  absorbed  per  unit  volume  by  the  test  material  to  the 
energy  absorbed  by  an  ideal  material.  An  ideal  energy-absorbing 
material  is  one  which  deflects  at  a  constant  stress,  thus  pro¬ 
viding  a  constant  deceleration  for  100  percent  of  its  thickness. 

The  kinetic  energy  absorbed  by  a  material  bears  the  following 
relationship  to  the  energy  absorbed  by  an  ideal  material. 

MV?/ 2  =  Mdmh,  (1) 

where 

M  =  mass  of  impacting  object, 

Vi  =  impact  velocity, 

d  =  maximum  deceleration, 
m 

h  =  material  thickness,  and 
Mdffl  =  maximum  decelerating  force. 

By  definition,  the  energy-aborbing  efficiency  (K)  exhibited  by  a 
test  material  can  be  represented  by  the  following  equation: 

K  =  V?/2  hdm,  (2) 

where,  for  an  ideal  material, 

K  =  1. 

The  conclusion,  therefore,  can  be  reached  that  when  Vi  is  low, 
the  impact  energy  will  probably  be  small  in  relation  to  the 
stiffness  of  the  foam.  There  will  be  little  compression;  and  K 
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will,  therefore,  be  low.  If  Vj_  is  too  high,  the  impact  energy 
will  be  large  in  relation  to  the  stiffness  of  the  foam;  the 
critical  strain  will  be  exceeded  (which  will  rapidly  increase 
dm);  and  K  again  will  be  low.  At  some  intermediate  value  of  Vj_, 

K  will  exhibit  a  maximum.  Values  for  energy-absorbing  efficiency 
(K)  are  reported  in  Appendix  A  for  each  impact  condition.  The 
specific  energy  at  each  impact  condition  is  provided  in  Table  1. 

Data  Presentation 


When  crushed,  rigid  polyurethane  foam  samples  generally  experience 
some  degree  of  recovery  (rebound).  This  post-impact  recovery  of 
the  material  is  referred  to  as  restituted  strain.  The  rebound 
velocity  of  the  test  weight  expressed  as  a  percentage  of  the 
impact  velocity,  and  the  deflection  of  the  test  weight,  before 
and  after  rebound,  were  determined  for  each  impact  condition. 

The  numerical  data  for  these  conditions  are  provided  in  Appendix  A. 

Appendix  B  provides  a  graphical  presentation  of  acceleration 
versus  displacement  for  each  test  condition.  In  addition,  a 
static  compressive  strength  plot  is  superimposed  on  each  set  of 
dynamic  plots  to  allow  simultaneous  evaluation  of  static  and 
dynamic  response.  Samples  for  static  testing  were  prepared  in  a 
manner  identical  to  the  dynamic  testing  samples  and  were  crushed 
at  a  rate  of  0.42  mm/s  (1  inch/minute),  using  conventional  load- 
deflection  measuring  equipment. 

To  allow  effective  use  of  the  data  in  this  report,  a  study  was 
made  to  evaluate  the  effect  of  input  errors  on  the  accuracy  of  a 
typical  test.  A  square  wave  best  represents  the  acceleration 
time-trace  obtained  during  the  crush  of  a  foam  sample.  Input 
errors  were  substituted  into  equations  developed  from  the  motion-time 
equations  for  a  square  wave  pulse  to  indicate  the  total  range  of 
uncertainty  for  a  typical  impact  test.  It  can  be  generally 
concluded  that  the  accuracy  of  the  output  data  is  within  ±10.5  percent. 
This  information  is  detailed  in  Table  2. 


ACCOMPLISHMENTS 

Test  techniques  and  the  required  equipment  have  been  developed 
for  use  in  evaluating  structural  support  materials.  These  tech¬ 
niques  have  been  used  to  evaluate  six  commonly  used  polyurethane 
foam  systems,  and  the  subsequent  data  have  been  published  for 
reference . 


FUTURE  WORK 

All  planned  activities  have  been  completed.  Additional  studies 
may  be  performed  by  other  endeavors  as  the  need  arises. 
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Table  1.  Energy  Related  to  Test  Weights  and  Impact  Velocities 


>> 

r-N 

/-“N 

/““"V 

✓“N 

r\ 

/'"N 

/-V 

/*“N 

/'-N 

/"■N 

bfl 

m 

P 

p 

o 

o 

o 

o 

p 

p 

05 

CO 

U 

00 

P 

CO 

CO 

o 

00 

CO 

CO 

p 

CO 

CO 

in 

(X)  /""V 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

* 

C  to  crj 

p 

05 

CO 

05 

00 

l> 

in 

05 

P 

o 

pq  o  • 

P 

p 

t> 

CO 

CO 

in 

P 

£> 

t> 

p 

P  G 

p 

P 

CO 

0  P 

w 

V-/ 

V-' 

s~/ 

N-/ 

'w' 

V—/ 

n 

ch  n 

p 

co 

CO 

p 

CO 

o 

CO 

05 

CO 

p 

CO 

in 

•H  CO  rH 

o 

o 

p 

CM 

o 

p 

CM 

P 

o 

CM 

in 

05 

o  s  i 

• 

• 

• 

• 

• 

• 

• 

♦ 

• 

• 

• 

• 

CD  \P 

p 

co 

CO 

P 

00 

CM 

CM 

00 

CO 

P 

p 

CO 

ft  P  P 

p 

CO 

CO 

CO 

t> 

CM 

p 

CO 

p 

in 

CO  ww 

P 

p 

CM 

r\ 

/■— N 

/-N 

r-N 

✓~N 

r-N 

/—s 

/-S 

CO 

CM 

00 

CO 

p 

P 

CO 

CM 

00 

05 

p 

• 

• 

• 

• 

• 

• 

• 

• 

• 

* 

• 

♦ 

n 

in 

P 

t> 

p 

o 

CO 

in 

05 

P 

p 

O 

05 

rH 

05 

00 

m 

CM 

05 

CO 

p 

P 

CO 

CM 

CO 

05 

>>  1 

CO 

00 

m 

P 

!> 

t> 

o 

CO 

in 

p 

O 

bi)  -P 

p 

p 

CO 

p 

CO 

CO 

vy 

S-/ 

v-/ 

Nw' 

— / 

s-x 

'w' 

w 

s-x 

's-X 

0  w 

C 

w  ^ 

CO 

p  0 

CM 

CO 

05 

P 

P 

o 

00 

00 

p 

o 

O  rH 

• 

* 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

ri  3 

05 

CO 

CM 

l> 

00 

in 

m 

p 

CO 

!> 

p 

05 

ft  0 

CM 

p 

CO 

CO 

m 

CO 

CM 

CO 

p 

CO 

in 

CO 

S  P 

rH 

in 

p 

o 

CM 

o 

CO 

p 

in 

o 

CO 

CM 

hH  w 

p 

CM 

p 

CM 

p 

CM 

p 

CO 

>> 

/-s 

/^■N 

/—N 

/*“N 

/-N 

/'— s 

/--S 

P  ^ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

•H  O 

tn 

o 

m 

o 

m 

o 

m 

o 

in 

o 

in 

o 

O  CD 

p 

p 

CM 

p 

p 

CM 

p 

p 

CM 

O  CO 

S— ✓ 

^w' 

s-/ 

'•w' 

' — ' 

N-X 

S— / 

'w' 

V-/ 

V-/ 

,w 

rH  \ 

0  P 

>  <4H 

P 

O 

p 

00 

CM 

CO 

p 

00 

CM 

CO 

p 

CO 

CM 

CO 

ctf  CO 

CM 

p 

l> 

05 

CM 

p 

05 

CM 

p 

05 

ft^ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

£  E 

m 

o 

m 

o 

m 

o 

m 

o 

n 

o 

in 

O 

I— 1  w 

rH 

CO 

p 

CO 

p 

CO 

p 

CO 

p 

CO 

p 

CO 

r\ 

rs 

CM 

in 

o 

o 

C5 

o 

p 

CM 

P  -h 

'w' 

p 

a  o  n 

0  J  H 

rH  w 

a$  O 

>  P  /-s. 

P  P  ctf 

p 

05 

CO 

3  d  ft 

* 

• 

• 

cr  p  ^ 

CO 

CO 

CO 

W  CO  w 

p 

p 

/""N 

/-N 

-rs 

x5 

in 

p 

CM 

bJD  ^ 

p 

05 

00 

P  n 

* 

• 

• 

0  P 

CM 

P 

05 

^  w 

S-/ 

' — / 

V—' 

p  r-N 

rH 

CO 

CO 

CO  bJQ 

P 

CM 

p 

0  X 

• 

• 

• 

E-»  w 

P 

CM 

p 

17 


Table  2.  Effect  of  Input-Parameter  Errors  Upon  Accuracy  of  Output  Data 
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Table  A-l.  Impact  Data  for  CPR  1024 
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*K  =  Energy  Absorption  Efficiency 
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Table  A-2.  Impact  Data  for  CPR  1040 
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Table  A-3 .  Impact  Data  for  BC  1200  Series 
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A-4 .  Impact  Data  for  BKC  4003 
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Table  A-4  Continued.  Impact  Data  for  BKC  4003 
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*K  =  Energy  Absorption  Efficiency 
♦♦Critical  Strain  Exceeded 


Table  A-5.  Impact  Data  for  BKC  6003 
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*K  =  Energy  Absorption  Efficiency 
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Table  A-6.  Impact  Data  for  BKC  44302 
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Appendix  B 

ACCELERATION  VERSUS  DISPLACEMENT  GRAPHS 
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Figure  B-l.  CPR  1024,  10  LB/FT° ,  0.5  PSI 
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Figure  B-2.  CPR  1024,  10  LB/FT3,  1.0  PSI 
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Figure  B-5.  CPR  1024,  20  LB/FT  ,  1.0  PSI 
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Figure  B-15. 


BC  1200,  10  LB/FT3,  2.0  PSI 
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Figure  B-17 .  BC  1200,  20  LB/FT3,  1.0  PSI 


ACCELERATION  VS  DISPLACEMENT 

FORM  TYPE:  1200  <j>  i  IPM 

FORM  DENSITY! LB/CU  FT):  20.  q  50  FPS  tll8) 

STRTIC  LORD! PSI )  :  2-0  a  100  FPS  (213) 

+  150  FPS  (251  ) 


10  20  30  40  50  60 

PERCENT  DEFLECTION 

Figure  B-18.  BC  1200,  20  LB/FT3,  2.0  PSI 
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Figure  B-21.  BC  1200,  30  LB/FT3,  2.0  PSI 
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Figure  B-26.  BX  4003,  20  LB/FT  ,  1.0  PSI 
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Figure  B-32.  BX  6003,  10  LB/FT^,  1.0  PSI 
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Figure  B-40.  BX  44302,  10  LB/FT  ,  0.5  PSI 
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Figure  B-41.  BX  44302,  10  LB/FT  ,  1.0  PSI 
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Figure  B-45.  BX  44302,  20  LB/FT  ,  2.0  PSI 
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Figure  B-48. 

BX  44302,  30  LB/FT3,  2.0  PSI 
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